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Abstract:  Computing based on biochemical processes is a newest rapidly developing field of 
unconventional information and signal processing. In this paper we present results of our 
research in the field of biochemical computing and summarize the obtained numerical and 
experimental data for implementations of the standard two-input OR and AND gates with 
double-sigmoid shape of the output signal. This form of response was obtained as a function of 
the two inputs in each of the realized biochemical systems. The enzymatic gate processes in the 
first system were activated with two chemical inputs and resulted in optically detected 
chromogen oxidation, which happens when either one or both of the inputs are present. In this 
case, the biochemical system is functioning as the OR gate. We demonstrate that the addition of 
a “filtering” biocatalytic process leads to a considerable reduction of the noise transmission 
factor and the resulting gate response has sigmoid shape in both inputs. The second system was 
developed for functioning as an AND gate, where the output signal was activated only by a 
simultaneous action of two enzymatic biomarkers. This response can be used as an indicator of 
liver damage, but only if both of these of the inputs are present at their elevated, 
pathophysiological values of concentrations. A kinetic numerical model was developed and used 
to estimate the range of parameters for which the experimentally realized logic gate is close to 
optimal. We also analyzed the system to evaluate its noise-handling properties. 
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1. Introduction 
 
 Recently, there has been considerable interest in the design and development of chemical 
[1-6] and biochemical [7-12] systems which implement binary logic gates and networks. These 
systems were investigated for novel computational processing of chemical and biochemical 
signals. Special attention has been paid to biomolecular systems [13,14], including those that are 
based on enzymatic reactions [15-18], DNA [9,19,20], or RNA [21] and even entire cells [22,23] 
as a new research direction in unconventional computing [24,25]. Enzymatic reactions can be 
used to simulate digital logic gates [26-31] and perform elementary arithmetic [32], as well as 
“networked” in binary logic circuits [33-36]. Processes in such systems can emulate Boolean 
logic and thus used as “digital” biochemical sensors with multiple inputs [37-39], e.g., in 
biomedical applications [29-31].  
 
 In biotechnological environments, biomolecular computing systems promise [40] design 
of original biosensors with multiplexing capabilities, processing several biological signals in the 
digital format (0 or 1) [39,41]. In particular, devices based on implementations of biomolecular 
logic have been extensively studied for possible applications in analysis of biomarkers 
characteristic of various pathophysiological conditions and for diagnosis of disease or injury. For 
example, the output chemical concentration reaching a certain logic-1 value could signal that an 
“action” is needed, however the output concentration close to logic-0 would indicate “no action” 
is needed. Most developed biochemical systems consider logic-0 as zero concentrations of the 
signaling substances, whereas logic-1 is defined as experimentally convenient nonzero 
concentrations. However, for real biomedical conditions the logic values 0 and 1 of 
concentrations (or possibly ranges of concentrations) should correspond to normal physiological 
and pathophysiological states of the organism, respectively. In most cases the difference between 
the inputs at the logic 0 and 1 is comparable with the level of natural noise, making the 
discrimination of the 0 and 1 output signals difficult unless careful optimization of the signal 
processing systems is performed [42]. 
 
 Noise amplification tendency of the simplest biochemical processes has to be taken into 
consideration in designing of biochemical process as “devices” and networks. There are several 
– 3 – 
 
sources of noise in biochemical systems, in addition to the noise in the actual input data. 
However, the noise amplification is controlled by the transmission of random fluctuations of the 
input concentrations to the output response [43]. The amplification of the noise can build up 
from one step to another, preventing connection of these systems in a network for information 
processing [44]. Thus, suppression of the noise amplification from the input(s) to output is 
crucial.  
 
 A typical response in biochemical systems has a convex shape with an initial linear 
region, followed by saturation caused by the limitation of reaction rates and the amount of input 
catalysts and reagents. Generally, in order to avoid the build-up of noise, it is useful to pass the 
signals through biochemical filters, which give the sigmoid response profile with zero or small 
slopes close to the “logic point” values. Such response is quite difficult to achieve in standard 
biochemical reactions catalyzed by enzymes [45-47], despite the fact that the response of 
sigmoid shape is often observed in nature [48-50]. Figure 1 (the figures are appended after the 
Nomenclature summary, as Pages 21-25) illustrates the response function of an OR gate, as an 
example of a system with high noise amplification levels. This system has its maximum noise 
transmission factor about 690% at the logic-00 point, i.e., sevenfold noise amplification. This 
transmission factor can be estimated for smooth gate-response surfaces by calculating the 
absolute value of the gradient in terms of the logic variables, to be defined below. Therefore, 
despite the fact that the system response function visually may look like a reasonable OR gate 
(see Figure 1), without an additional filtering step the system is not appropriate for network 
applications because of such a large noise amplification. 
 
 Novel biochemical reactions with an added “filter” have recently been designed [45,51-
54,57,58] and optimized as separate elements for inclusion as “logic gates” in biochemical logic 
networks. Integration of a filtering step into a digital gate process allows to significantly improve 
the parameters and performance of the latter. This applies particularly to the behavior near the 
binary values 0 and 1 in the output response, corresponding, for instance, to the normal 
physiological and pathophysiological concentration of biomarkers [51] for liver dysfunction, 
abdominal trauma, and soft tissue injury. 
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 Quite often it is necessary to analyze the information simultaneously from two 
biomarkers [55,56]. In such cases, logic gates can be applied, such as OR, AND, etc., to 
facilitate making the appropriate decision, depending on the presence or absence of each 
biomarker or various biomarker combinations. In recent papers [57,58], we have demonstrated 
implementations and analyses of such biochemical systems based on enzymatic reactions with 
two inputs. The common feature of these works has been the incorporation of the filtering 
processes, which have enabled to achieve a double-sigmoid shape of the output response 
(sigmoid in both inputs). It is important to develop and test various biochemical filtering 
approaches within a “toolbox” of binary gates, including OR and AND. 
 
 In this paper we summarize the investigation of the first reported realizations of  an AND 
gate and an OR gate in enzymatic filtered systems with two inputs. When discussing the AND 
gate system, we will focus on the most studied case in this context [51], that of a pair of liver-
injury biomarkers [55,56], the enzymes alanine transaminase (ALT) and lactate dehydrogenase 
(LDH). Elevated levels of both enzymes simultaneously have been used as an indication of liver 
injury [59,60]. We consider a model system [31] in aqueous solution rather than in serum [61]. 
The aqueous solution system has not only been realized (as the AND gate) to optically detect the 
presence of both enzymes, but has also been coupled to a signal-responsive polymer-brush thin-
film deposited on an electrode [62]. The practical implementation of such a system requires large 
gate times, for which the gate realization precision by the original enzymatic cascade was low. 
The added filtering process not only reduced noise transmission, but also—for the larger gate 
times—improved the precision of the AND binary logic realization [51]. 
 
 In the analysis and consideration of the OR gate implementation, we describe 
biocatalytic reactions which produce changes in pH [63-67], coupled with a pH-buffering 
mechanism [53]. The latter is performed by the addition of an appropriate amount of buffer for 
the “filtering” effect. Experimental results [58] demonstrated that the addition of the 
appropriately designed filtering step changes the gate response to the double-sigmoid shape. 
 
 We have developed and applied a kinetic modeling approach specially designed for the 
study of the binary-logic gate-response system properties. This numerical model, applied to the 
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experimental data, was used for a quantitative evaluation of the sources of noise, input-to-output 
noise transmission factors [43,52], and tolerance properties of the realized AND [57] and OR 
gates [58] as components for biochemical logic and networks. Section 2 outlines the 
experimental procedure of an OR gate implementation with the double-sigmoid response. In 
Section 3, we present a recent realization of a biochemical AND gate logic function with the 
double-sigmoid response shape. In Section 4, we detail the kinetic modeling of logic gate 
functions. Finally, in Section 5 we present results of the experimental data fitting using the 
numerical model, and discuss the gate optimization and noise reduction approach. 
 
 
2. OR gate function realization with double-sigmoid response 
 
 In this section we describe the OR gate realization designed in a biochemical system 
outlined in Scheme 1 (the schemes are appended at the end of this preprint as Pages 26-27). This 
system includes two enzymatic reactions, and also the buffering process. The enzyme 
biocatalysing the first process is esterase, of concentration to be denoted Eሺݐሻ, where ݐ is the 
process time. This first enzymatic part has two inputs: Input 1 is ethyl butyrate (concentration 
Aሺݐሻ), Input 2 is methyl butyrate (concentration Bሺݐሻ). Here esterase reacts with either one of 
them, biocatalyzing the production of ethanol and methanol, respectively, and also of butyric 
acid, Uሺݐሻ, as a byproduct of these processes. The increase in the butyric acid concentration in 
the solution leads to a decrease of pH from its initial value of pHሺݐ ൌ 0ሻ ൌ 9.0. The pH of the 
system lowers to the value which depends on the initial concentrations of the inputs, Aሺ0ሻ and 
Bሺ0ሻ, of Tris buffer (concentration Tሺ0ሻ), and on other process parameters, but no less than to 
4.2. The Tris buffer, Tሺݐሻ, which is added at the initial moment of time, as Tሺ0ሻ moles per unit 
volume, is the main component for the filtering process, as will be described below.  
 
 The experiments were carried out in several stages, first without buffering (Tሺ0ሻ ൌ 0 
mM), see Figure 1. As expected, the output values are equal to 0 at the logic 00, and are close to 
each other at the logic points 01, 10, 11, defining the binary 1 for the output. Next, we present a 
buffered system yielding a high-quality OR gate, with Tሺ0ሻ ൌ 4	mM,	 Figure	2, and finally a 
system with excessive buffering which deteriorates the OR gate realization: Tሺ0ሻ ൌ 8	 mM,	
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Figure	3. Adding the Tris buffer, Tሺ0ሻ, into the solution instantly leads to the production of its 
protonated form THା. The process with the Tris buffer involves the absorption of hydrogen ions 
from the solution and, as a consequence, prevention of the decrease in pH. This mild alkaline 
buffering effect persists only in the range of pH from 9 to value about 7.2, and only as long as 
the Tris buffer is not completely turned into the protonated form. Therefore, controlling the 
initial buffer concentration, Tሺ0ሻ, we can delay the effect of the pH decrease, which is due to the 
process of continuous production of butyric acid with (pKaሻୠ୳୲୷୰୧ୡ	ୟୡ୧ୢ ൌ 4.82 [68].  
 
 At first, when the pH is high, the second enzyme laccase (of concentration Lሺݐሻ, see 
Scheme 1) is practically not active. However, as the pH of the system decreases past 
approximately 8.1, biocatalytic activity of laccase increases. Using KସFeሺCNሻ଺ as a co-substrate, 
this enzyme then produces KଷFeሺCNሻ଺ with increasing rate. The concentrations of KସFeሺCNሻ଺ 
and KଷFeሺCNሻ଺ will be denoted Fሺݐሻ and Pሺݐሻ, respectively. The output, which is the product of 
the entire process, Pሺݐ௚ሻ, is measured at the gate time tg = 800 s by absorbance (denoted Abs) at 
ߣ ൌ 420 nm. For the present system, Absሺݐሻ and Pሺݐሻ are numerically almost identical (but have 
different units) [58]. For our modeling of the biochemical logic-gate system, here we take the 
physical zeros, A0ሺ0ሻ ൌ B0ሺ0ሻ ൌ 0, as the signals’ binary 0s, and experimentally convenient 
input values A1ሺ0ሻ ൌ 10 mM and B1ሺ0ሻ ൌ 10 mM as logic 1s. Logic 1 of the output, P1ሺݐ௚ሻ, is 
set by the gate function itself.  
 
 For the considered OR gate system implementation of [58] to be accurate, the appropriate 
output values close to 0, 1, 1, 1, at the four logic-input combinations, 00, 01, 10, 11, respectively, 
should be realized. However, for the study of the noise control, the behavior of the system 
response should be investigated [16,17,43] not only at, but also around the logic input values. 
The latter study is carried out in terms of the scaled, binary-range (zero to one) dimensionless 
variables, 
 
ݔൌAሺ0ሻ/A1ሺ0ሻ;     ݕൌBሺ0ሻ/B1ሺ0ሻ;     ݖሺݔ, ݕሻൌPሺݐ௚ሻ/P1ሺݐ௚ሻ, (1) 
 
Note that in practical applications the logic one values of the inputs will be determined [43] by 
the environment in which the gate is used, but the logic zero values of the inputs (and output) 
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need not be exactly at the physical zeros [42,43,57]. 
 
 
3. AND logic gate with double-sigmoid response 
 
 Scheme 2 shows the sequence of biocatalytic processes involved in the AND gate 
function, catalyzed by the two input enzymes ALT and LDH, and the added filter process 
catalyzed by an additional enzyme, glucose-6-phosphate dehydrogenase (G6PDH). Additional 
details of the system functioning [51,57] are presented below. We study a biocatalytic cascade to 
detect the high levels of the two enzyme inputs, ALT and LDH. Their simultaneous increase in 
concentrations, from normal to pathophysiological levels, provides [59,60] an evidence of liver 
injury. The sequence of the biochemical processes is shown in the “gate” section of Scheme 2: 
 
α-KTG ൅ Ala → Glu ൅ Pyr (2) 
  
Pyr ൅ NADH → Lac ൅ NAD+ (3) 
 
Oxidation of NADH is followed by measuring the change in the absorbance, yielding the 
concentration of the output, β-nicotinamide adenine dinucleotide (NAD+), which is produced 
only in the presence of the two input enzymes (and the “gate machinery” reactants α-KTG, Ala, 
NADH). Note that without the added filter process, we would obtain a response function that 
would not have a sigmoid shape in any direction. Here Glu abbreviates glutamate, Pyr stands for 
pyruvate, and Lac for lactate. Figure 4 illustrates the result for the “gate time” of tg = 600 s, 
relevant for applications involving signal-responsive membranes [57,62].  
 
 As mentioned above, adding the filter will cause a delay in the signal increase and the 
appearance of the sigmoid shape. The “filter” section of Scheme 2 shows the added filtering 
process. Our filtering component of the AND logic gate function is based on enzyme glucose-6-
phosphate dehydrogenase (G6PDH). The biocatalytic reaction is shown in the following: 
 
Glc6P ൅ NAD൅ → NADH ൅ 6‐PGluc (4) 
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This reaction has two inputs: glucose-6-phosphate (Glc6P) and cofactor (NAD+), and one output: 
the reduced cofactor (NADH); the other reaction product in aqueous solution is 6-phospho-
gluconic acid (6-PGluc). The system now displays double-sigmoid behavior in both inputs ALT 
and LDH (Figure 5).  
 
 The output signal, [NAD+], was quantified by detecting the decrease in the concentration 
of NADH, measured optically at  = 340 nm. It was calculated using the extinction coefficient, 
6.22 mM–1cm–1, for NADH [69]. In order to study the 3D response surface of the AND gate 
function (Figures 4, 5), it is necessary to obtain the output signal values, ሾNADାሿሺݐ௚ሻ, not only 
for the inputs at the logical points 0 and 1, which were ሾALTሿ0ሺ0ሻ ൌ 0.02	U/mL, ሾALTሿ1ሺ0ሻ ൌ
2	U/mL for Input 1 and ሾLDHሿ0ሺ0ሻ ൌ 0.15	U/mL, ሾLDHሿ1ሺ0ሻ ൌ 1	U/mL for Input 2, but also 
for varying input concentrations. Here and below, the subscripts 0 and 1 refer to the logic-point 
values. However, the actual noise-property analysis is best carried out in terms of the rescaled 
variables, defined as 
 
ݔ ൌ ൫ሾALTሿሺ0ሻ‐ሾALTሿ0ሺ0ሻ൯ ൫ሾALTሿ1ሺ0ሻ‐ሾALTሿ0ሺ0ሻ൯ൗ  (5) 
  
ݕ ൌ ൫ሾLDHሿሺ0ሻ‐ሾLDHሿ0ሺ0ሻ൯ ൫ሾLDHሿ1ሺ0ሻ‐ሾLDHሿ0ሺ0ሻ൯ൗ  (6) 
  
ݖ ൌ ቀሾNAD൅ሿ൫tg൯‐ሾNAD൅ሿ0൫tg൯ቁ ቀሾNAD൅ሿ1൫tg൯‐ሾNAD൅ሿ0൫tg൯ቁൗ  (7) 
 
These equations (5-7) determine the normalized variables for the first input (x), second input (y), 
and output (z). Experimentally, we can map out the gate response surface, ݖሺݔ, ݕሻ. 
 
 As shown in our recent papers [43,44,57,58], the design of a large network, which 
includes several biochemical logic systems, requires careful control of the built-in noise level. 
The noise level depends generally on the gate’s environment. In order to ensure stable operation 
of complex networks with scalable processes, the degree of the noise amplification should be 
kept under control. It is desirable to have a response function, ݖሺݔ, ݕሻ, which has small absolute 
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values of gradients at all the logic points. The noise scaling properties of the logic gates can be 
estimated from the absolute values of gradients, ห׏ሬԦݖሺݔ, ݕሻห଴଴,଴ଵ,ଵ଴,ଵଵ, of the function ݖሺݔ, ݕሻ at 
the logic points in the (x,y) plane. If the absolute value of the gradient is less than one, then the 
spread of noise in the logic gate system is suppressed. However, as mentioned above, without the 
inclusion of a properly designed filtering process it is difficult to obtain such a response function. 
Typically, without filtering the response function always has a gradient greater than 1 (see Figure 
4), and, consequently, amplifies the noise level. Our results [57] with filtering have yielded a 
realization of an AND gate function with double-sigmoid filter response in two inputs; see 
Figure 5. 
 
 
4. Kinetic modeling of the logic gate functions 
 
 In this section we outline how kinetic modeling can be applied to gate optimization. As 
mentioned above, the addition of the filtering process in the biocatalytic system allows an 
elimination of the built-in noise amplification in the response function. Therefore the logic gate 
can be used for designing large biochemical networks. We focus on the study of the properties 
and the analysis of such processes by a kinetic modeling approach. Consider as an example the 
OR gate function introduced earlier. The biocatalytic function of esterase can be described using 
the standard schemes 
 
ܧ ൅ ܣ
݇ଵ⇄
݇ିଵ
ܥ஺
݇ଶ→ ܷ ൅ ܧ ൅⋯ (8) 
  
ܧ ൅ ܤ
݇ଷ⇄
݇ିଷ
ܥ஻
݇ସ→ ܷ ൅ ܧ ൅⋯ (9) 
 
where ܥ஺	and ܥ஻ are (time-dependent) concentrations of complexes. As the pH of the system 
changes over a wide range, the effective rate constants in eq. (8) and (9) will also change. As in 
the earlier work [53], we described this pH dependence by assuming fast acidification 
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equilibrium, e.g., ݇ଵ ൌ ത݇ଵܭா/ሺሾHାሿሺݐሻ ൅ ܭாሻ, with ത݇ଵ ൌ	1.018 mM–1sec–1 [70]. Similar 
expressions were used for the other rate constants [70], with the values  ത݇ଶ ൌ	1.603 sec–1, ത݇ଷ ൌ
	0.639 mM–1sec–1, and ത݇ସ ൌ	3.990 sec–1. The acidification equilibrium constant, 
 
ܭா	= [E][H+]/[EH+] = 0.0068 mM  (10) 
 
and also the values for ܭ஼ಲ= 0.026 mM and ܭ஼ಳ= 0.039 mM were taken from the literature 
[53,70,71]. Thus, the effective rate constants become time-dependent via pH(t). Next, we set up 
rate equations for the chemicals involved in the “esterase” part of the cascade. Here we only 
show one of these equations for illustration, 
 
݀ܥ஻ሺݐሻ
݀ݐ ൌ ൅݇ଷܤሺݐሻܧሺݐሻ െ ݇ସܥ஻ሺݐሻ (11) 
 
 The buffering step of the kinetics is actually practically instantaneous. The conventional 
estimates for buffer functioning cannot be used because of the large range of pH variation (from 
9 to about 4.2). The charge-balance equations, as well as dissociation equilibrium equations for 
each of the relevant chemicals, were therefore included in the overall set of equations solved 
numerically. Specifically, for Tris buffer [72] we have ሺpܭ௔ሻ୘୰୧ୱ ൌ 8.06. The processes 
biocatalyzed by laccase can be schematically described as follows [73]: 
 
4Hା ൅ ܮ ൅ 4ܨ ൅ Oଶ
݇ହ⇄
݇ିହ
ܥ௅
݇଺→ ܮ ൅ 4ܲ ൅ 2HଶO (12) 
 
The actual mechanism of action of laccase is more complicated than that schematically shown in 
eq. (12): A more detailed description of the kinetic model is explained in our earlier paper [58]. 
We can now write the set of rate equations for the concentrations of the various chemicals 
involved, for example: 
 
݀ܮ
݀ݐ ൌ െ෨݇ହሺpHሺݐሻሻܮሺݐሻܨሺݐሻ ൅ ෨݇଺ሺpHሺݐሻሻܥ௅ሺݐሻ (13) 
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 A similar approach was used for the simulation of the biochemical AND gate logic 
system. A set of kinetic differential equations was based on chemical reactions described by the 
eq. (2-4), and was numerically solved to study the kinetic processes in the system.  
 
 
5. Results and Discussion 
 
 The kinetic numerical model can be used for investigations of the biochemical system not 
only with the filter (OR gate, Figures 2, 3 and AND gate, Figure 5), but also without the filter 
(with the same rate parameter values: OR gate, Figure 1 and AND gate, Figure 4). In the figures, 
the experimental data are shown as compared to a model calculation. We focus on the results at 
the selected gate time. Using this model we have received a good-quality semi-quantitative fit for 
the measured experimental data, with the exception, perhaps, of those cases when the 
concentrations of inputs are close to the points of logical 0, which is explained generally by the 
high level of relative noise for small concentrations. As described in earlier works [42-46,57,58], 
estimation of noise-handling properties and quality of the realized biochemical systems as “logic 
gates” for information processing needs a description of the system response function 	ݖሺݔ, ݕሻ 
using the logic variable ranges. The positions of the logical points are usually chosen on the basis 
of the relevant physiological conditions. For example, the non-filtered AND function (Figure 4) 
has insufficient quality to determine with satisfactory accuracy the position of a logical zero of 
the output, ൣNADା൧
0
൫ݐ௚൯, as the value at the 00 input. Therefore, for the parameters used for our 
"filtered" experiment, see Figure 5, we used the calculated values [57] from our numerical 
model, ൣNADା൧
0
൫ݐ௚൯ ≃ 0.2·10–2 mM and ൣNADା൧1൫ݐ௚൯ ≃ 29.8·10–2 mM. The actual definition 
of the expected values or ranges of the system outputs corresponding to logic 1 may vary 
according to the logic gate application. As mentioned earlier, the systems without the filter 
(Figures 1, 4) are characterized by an appreciable increase of the input signal noise upon 
processing by the gate to yield the output.  
 
 The correctly filtered OR gate (Figure 2) and AND gate (Figure 5) systems do not have 
this problem, because the added filtering process makes the noise transmission factor at all four 
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logic points into actual noise suppression. For example, the largest transmission factor is 
approximately 14% for the Tሺ0ሻ ൌ 4 mM buffer concentration (OR gate realization, Figure 2) 
and it is about 8% for the realized filtering AND gate system (Figure 5), which is safely below 
100%. The third filtered OR gate system (Figure 3), Tሺ0ሻ ൌ 8 mM, has minor noise 
amplification, about 113%, and the gate realization is inaccurate: this system is an example of 
undesirable “overfiltering.”  
 
 As expected for a good-quality filter of AND gate and OR gate logic systems, at the 
logic-point values the slopes ห׏ሬԦݖሺݔ, ݕሻห, in terms of the rescaled “logic-range” variables, are well 
below 1 (below 100%), resulting in noise suppression. Note that we can estimate the quality of 
the filter using the “noise tolerance” parameter specifying the extent of the possible input noise 
near the logical points. For the non-filtered system, the noise tolerance is zero, because it is clear 
from Figure 1 and Figure 4 that the largest slopes of these gate-response functions are 
significantly larger than 1. This is a common property of most biocatalytic reactions [15,43,52]. 
The non-filtered AND and OR gates will significantly amplify any input noise. Numerical 
estimates have shown the value of ห׏ሬԦݖሺݔ, ݕሻห ൎ 4.5 (indicating input-to-output noise 
amplification by a factor of approximately 450%) for the AND gate and 6.94 for the OR gate, 
respectively. The main reason to adding the filter processes has been to reduce the slopes at all 
the logic points to well below 1 and to maximize the noise tolerance. 
 
 To conclude, we reviewed the experimental realization and numerical performance 
analysis of enzymatic OR [58] and AND [57] gate systems with a noise-reducing double-
sigmoid response in two of the inputs. For the investigated enzymatic reactions, we identified the 
regimes of the experimental conditions necessary to have a relatively small degree of analog 
noise amplification.  
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Figure 1: Realization of an OR gate for the biochemical system without filtering, by 
biochemical processes detailed in the text. Spherical symbols show the 7×7 grid of 49 
experimental data points. These were measured at the gate time 800 s, for various values of the 
two input concentrations (ethyl butyrate [A] and methyl butyrate [B]), the logic point values for 
both of which were set at 0 and 10 mM concentrations (for 0 and 1, respectively). The logic point 
values of the measured output, measured by the absorbance of the product (see text), are set by 
the gate function itself. The shown surface was calculated from the model described in the text. 
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Figure 2: Experimental data and model-calculated surface for various values of the two input 
concentrations of ethyl butyrate and methyl butyrate (as in Figure 1) for the OR gate system with 
4 mM buffer added initially (the optimal filtering process), gate time 800 s. 
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Figure 3: Experimental data and model-calculated surface (as in Figures 1 and 2) for the OR 
gate system with 8 mM buffer added initially, gate time 800 s. The OR function is not well 
realized in this over-filtered system. 
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Figure 4: Realization of an AND gate for the biochemical system without the filter. Spherical 
symbols show the 108 (12×9) experimental data points. These were measured at the gate time t = 
600 s, for various values of the two input enzyme concentrations as detailed in the text. The lines 
under the surface are drawn at the selected logic-0 and 1 values of the inputs and thus delineate 
the "logic" range for mapping out the gate-response function. The surface was calculated from 
the model described in the text, with the parameters fitted based on the full time-dependent data 
set for the “filtered” system. 
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Figure 5: The AND function realization for the biochemical system with the filter process. 
Spherical symbols show the 108 (12×9) experimental data points, measured at the gate time t = 
600 s. The lines under the surface mark the selected logic-0 and 1 values of the inputs. The 
surface was calculated from the model described in the text, with the parameters fitted based on 
the full time-dependent data set for the “filtered” system. 
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Scheme 1. Chemical and biochemical processes in the OR gate system. All the notations are 
defined in the text. The two inputs are marked by the dashed-line boxes, whereas the output is 
marked by the solid box. 
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Scheme 2. Biocatalytic cascade realizing the AND gate function with the filter process added. 
All the notations are defined in the text. The two inputs are marked by the dashed-line boxes, 
whereas the output is marked by the solid box. 
 
